Abstract Calmodulin (CaM) is a major Ca 2+ binding protein involved in two opposing processes of synaptic plasticity of CA1 pyramidal neurons: long-term potentiation (LTP) and depression (LTD). The N-and C-terminal lobes of CaM bind to its target separately but cooperatively and introduce complex dynamics that cannot be well understood by experimental measurement. Using a detailed stochastic model constructed upon experimental data, we have studied the interaction between CaM and Ca 2+ -CaMdependent protein kinase II (CaMKII), a key enzyme underlying LTP. The model suggests that the accelerated binding of one lobe of CaM to CaMKII, when the opposing lobe is already bound to CaMKII, is a critical determinant of the cooperative interaction between Ca 2+ , CaM, and CaMKII. The model indicates that the target-bound Ca 2+ free N-lobe has an extended lifetime and may regulate the Ca 2+ response of CaMKII during LTP induction. The model also reveals multiple kinetic pathways which have not been previously predicted for CaM-dissociation from CaMKII.
Introduction
Calmodulin (CaM) is a dumbbell-shaped Ca 2+ -binding protein that consists of N-and C-terminal lobes, each of which binds two Ca 2+ ions in a cooperative fashion and the kinetics of the interaction are well-defined in vitro (Babu et al. 1985; Linse et al. 1991; Forsen and Linse 1995) . In addition, the Ca 2+ affinity of CaM is tuned when it binds to its target proteins Olwin et al. 1982) . The intra-and inter-molecular tuning of Ca 2+ binding to CaM provide a mechanism by which CaM activation is optimized at the appropriate Ca 2+ concentration and is selectively regulated by interacting molecules to perform its cellular function. Furthermore, the N-and C-terminal lobes of CaM bind to its target separately but cooperatively and may introduce complex dynamics of Ca 2+ -CaM-target protein interactions which cannot be well-understood by experimental measurement.
In CA1 pyramidal neurons, Ca 2+ and CaM are both important in synaptic plasticity (Malenka et al. 1989 ). Long-term potentiation (LTP) and long-term depression (LTD) require increases in Ca 2+ and depend on Ca 2+ activation of CaM (Malenka et al. 1989; Mulkey et al. 1994; Xia and Storm 2005) . CaM then activates downstream targets such as Ca 2+ /calmoudulin-dependent protein kinase II (CaMKII) and calcineurin (PP2B). CaMKII is implicated in LTP induction (Malenka et al. 1989; Hudmon and Schulman 2002; Lisman et al. 2002) while calcineurin is involved in LTD (Mulkey et al. 1994 ) yet both are activated by Ca 2+ /CaM. How CaM can lead to these two opposing processes of LTP and LTD is not well understood.
Equally undefined is how the Ca 2+ signal selectively activates one of the two enzymes, CaMKII or calcineurin, under different induction protocols for synaptic plasticity. In other words, how does CaM decode different temporal patterns of Ca 2+ signals to activate the appropriate target enzymes? One possible approach to this problem is to dissect each individual step of Ca 2+ -CaM-target interactions and understand how CaM-target protein complex entail different decoding capacity for Ca 2+ signals during synaptic plasticity.
In this paper, we begin this analysis for the α-isoform of CaMKII (αCaMKII or CaMKII) using a comprehensive stochastic model that independently accounts for all four Ca 2+ binding sites of CaM and the interactions of individual lobes with CaMKII. The model was constructed upon and constrained by stopped-flow fluorimetry data of Ca 2+ -CaMCaMKII interactions (Gaertner et al. 2004a ). Experimentally, CaMKII was shown to cooperatively bind CaM and this may well contribute to the switch like activation of CaMKII (Bradshaw et al. 2003) ; however, the experimental dissection of such a kinetic pathway has been difficult. Full understanding of cooperative CaM binding requires a detailed mathematical model-based analysis.
The cooperativity of Ca 2+ -CaM-CaMKII interaction can be divided into at least three different stages: 1) the cooperativity in the binding of Ca 2+ within each lobe of CaM (Haiech and Kilhoffer 2002) ; 2) the cooperativity in lobe association with the target due to binding of one lobe and an increased effective concentration of the second lobe and 3) the cooperativity in the binding of CaM between subunits of CaMKII through an as yet structurally undefined mechanism (here we call it intra-holoenzyme intersubunit cooperativity). The second form of cooperativity is a major focus of the current work. When one lobe binds to CaMKII, the opposing lobe is likely to associate to a CaMKII subunit due to its increased effective concentration. We hypothesized this accelerated binding of one CaM lobe is a critical determinant of cooperative interaction between CaM and CaMKII. Results from the stochastic model and theoretical analyses both support this hypothesis and accurately predict the experimental data of CaMbinding to CaMKII. The stochastic model also correctly simulates the experimentally observed Ca 2+ dissociation process and reveals multiple dissociation pathways which have not been previously predicted. Another possible mechanism for the cooperativity is that the binding of one lobe of CaM to a CaMKII subunit may change the local conformation of the second CaM binding site on the same CaMKII subunit having the effect of accelerating the binding of the opposing CaM lobe to the subunit. This intra-subunit cooperativity is conceptually different from the second (and third) type of cooperativity. However, the experimental distinction between these mechanisms can be quite complicated and quantitative data to demonstrate the difference is not yet available. Therefore, we did not address this issue in the current work.
The organization of this paper is as follows. First, we describe an experimentally constrained mathematical model of Ca 2+ -CaM-CaMKII interactions (Section 2.1, Methods, Fig. 1 and Tables 1 and 2), followed by the outline of parameter optimization (Section 2.2-2.4). In order to accurately simulate the binding of each individual lobe to CaMKII, we used a modified version of the Gillespie algorithm (Gillespie 1976; Kubota et al. 2007 ) and constructed a single molecule level model of CaM. Section 2.5 explains the rationale of this algorithm. The parameter optimization using a stochastic model requires a dedicated numerical method described in Section 2.6. In Section 3.1 and 3.2, the model was compared to the experimental data used for the parameter optimization (Fig. 2) . These simulations reveal the multiple Ca 2+ dissociation pathways from each lobe that have not been well characterized by experimental measurements. In Section 4.1, we test the validity of the model by comparing the simulation results with experimental data that was not used during the initial parameter optimization. The model accurately predicts the experimentally measured dissociation constant of Ca 2+ /CaM to CaMKII (Fig. 3) . Without cooperativity described here, we have not been able to find a physically plausible parameter set for the model that fits these experimental data. With these analyses, we predict the cooperative binding may control the lifetime of CaMKIIbound CaM in the cellular interior. In Section 4.2, we test this possibility. The simulation results indicate that the Ca 2+ free N-lobe remains bound to (un-phosphorylated) CaMKII for an extended period even at the Ca 2+ concentration of cells at rest. This persistent CaM-CaMKII protein complex is distinct from the so-called "trapped" state of CaM bound to autophosphorylated CaMKII (Meyer et al. 1997) and may represent a different functionality of CaMKII. In fact, our model-based calculation shows that the unphosphorylated CaMKII holoenzyme can explore a large spatial area, close to or even larger than the size of dendritic spine head, while bound to Ca 2+ -CaM. We illustrate these points in Section 4.3. Finally, we discuss the potential role of the Nterminal lobe of CaM in synaptic plasticity (Discussion). Fig. 1(a) ). The C-terminal lobe and N-terminal lobe of CaM bind CaMKII separately or cooperatively. Upon binding to a CaMKII subunit, CaM changes its Ca 2+ binding kinetics (the lower diamond shaped pathways in Fig. 1(a) ). Thus, each lobe can exist in eight possible states ( Fig. 1(a) ). Although there is a reported change in the Ca 2+ affinity through interlobular interactions, the change is relatively small (1-1.5 kcal/mol) and would significantly complicate the model (Sorensen and Shea 1998) . Therefore, we assume for the purpose of this study that Ca 2+ bindings to the N-and C-terminal lobes are independent.
Methods

Mathematical model and kinetic pathways
Another important issue is the stoichiometry of CaM binding to CaMKII. Recent experiments by Forest et al. (2008) showed that two molecules of physically separated lobes of CaM can simultaneously bind to and activate a single CaMKII subunit. This raises the possibility that two lobes from two different CaM molecules can potentially bind to a single CaMKII subunit. Although such an exotic event is presumably rare for wild type CaM, we have created a stochastic modeling scheme (see below) that allows all possible reaction pathways, including two CaM molecules binding to a single CaMKII subunit.
Parameter optimization: overview
The model contains 48 total parameters, 24 for each lobe of CaM ( Fig. 1(a) , Tables 1 and Table 2 ). A systematic analysis and numerical parameter optimization is required to deduce these parameter values. In this section, we summarize the rationale and assumptions that we made during the parameter optimization. First, we have sixteen parameters for the Ca 2+ association to and dissociation from CaM (not bound to CaMKII) (the top pathway in each panel of Fig. 1(a) ). These 16 parameter values are estimated from experimental data and kept unchanged throughout the parameter optimization process. Derivation of these CaM parameter values will be explained in the next section (Section 2.3). Ca 2+ association and dissociation rates to (each lobe of) CaM-CaMKII (8 for each lobe) are largely unknown and they will be determined through parameter optimization. Ca 2+ binding of CaM (the vertical arrows in Fig. 1(a) ) increases the affinity of CaM toward CaMKII. We assume that the difference in the affinity is due to the change in the dissociation rate of (each lobe of) CaM from CaMKII as supported by experimental data (Gaertner et al. 2004a ). We assume the association rates of each lobe of CaM toward ions while they are in CaMKII-bound or unbound states. CaMKII binding decreases the rate of Ca 2+ dissociation from CaM. The association rate of each lobe to CaMKII depends on the binding state of the opposing lobe of the same CaM molecule (e.g., kn04 and kn04k for apo N-lobe, see Section 2.2). If the opposing lobe is already bound to CaMKII, the association reaction rate is considered as an intramolecular (=CaM-CaMKII complex) reaction (e.g., kn04k). The reaction rate constants for the C-lobe and N-lobe are summarized in Tables 1 and 2 , respectively. (b) A free lobe (in this example, Cterminal lobe) is confined in a small volume (shaded region) when the opposing lobe of the same CaM molecule is bound to CaMKII. We assume the radius of this (half-sphere shaped) shaded region is equal to the radius of gyration of CaM (~2 nm) CaMKII are not affected by bound Ca 2+ . There is no biochemical data that we are aware of to contradict this assumption. When one lobe binds to CaMKII, the opposing lobe is more likely to associate due to its close proximity to a CaMKII subunit: the free lobe is confined in a small volume near the subunit ( Fig. 1(b) ). The rate of this "intramolecular" binding reaction can be calculated as a product of the effective concentration of the free lobe in this small volume and the rate of CaM binding of the free lobe (e.g., kn04k ¼ the effective concentration ð Þ Â kn04 for the apo-N lobe, see Fig. 1(a) ). The effective concentration is calculated to be 25,000 μM (25 mM) by assuming that the small volume is approximately equal to a half sphere with the radius of gyration of CaM (~2 nm) (Seaton et al. 1985) . Mori et al. (2004) employed a classical formula developed by Flory (see Cantor and Schimmel 1980) to calculate the (bulk) local concentration of untethered CaM in the vicinity of the mouth of the Ca 2+ channel and obtained an estimated concentration of 2.5 mM. In their experiment, a CaM molecule was attached to the ion channel via a glycine linker. It is not clear if we can directly apply their calculation to our case. Furthermore, we do not know the impact of intra-subunit cooperativity (see Introduction). It is unclear one can directly apply the estimation made by Mori et al. (2004) to the present model. We decided to use 25 mM for the effective concentration and confirmed that the qualitative conclusion of the present work remained unchanged even if the effective concentration is lowered to 1.0-2.5 mM. Finally, we assume that the dissociation of each CaM lobe from CaMKII is independent of the binding status of the opposite lobe. Thus, we are left with 10 unknown parameters for CaM-CaMKII interactions (¼ 1 þ 4 ð ÞÂ2, one unknown association rate and four unknown dissociation rates for each lobe).
In total, we have 26 unknown parameters: 16 (8×2) for Ca 2+ binding to CaM-CaMKII and 10 (5×2) for CaM binding to CaMKII. We can reduce the number of these unknown parameters to 18 by applying the principle of microscopic reversibility (Colquhoun et al. 2004) . In this thermodynamic principle, the product of the rates going clockwise is the same as the product going anticlockwise for any closed reaction pathway. For example, applying this principle to the Ca 2+ binding cycle to CaM (C-lobe)-CaMKII complex (the bottom diamond shaped cycle in Fig. 1(a) ), we arrive at kck45 Á kck57 Á kck76 Á kck64 ¼ kck46 Á kck67 Á kck75 Á kck54, which allows one rate constant to be calculated from the other seven. (four vertical facets in Fig. 1(a) for each lobe), we can further reduce 6 (3×2) more parameter values. Note the microscopic reversibility of the forth facet is automatically fulfilled if other three are satisfied. The remaining 18 parameter values were optimized using five different sets of experimental data. We describe the experimental data used for the parameter optimization with the simulation results in Section 3.1 and 3.2 (Fig. 2) . The numerical algorithm used for optimization is explained in Section 2.6.
Parameter optimization: Ca 2+ -CaM interaction
Assignment of microscopic kinetic and equilibrium constants for binding Ca 2+ to the C-domain of CaM is based on several experimental observations and has been published earlier (Putkey et al. 2008) . In this section, we reproduce and explain this calculation with a minor modification. First, we measured the macroscopic binding constants for intact CaM (K1 to K4) which were very close to those measured in a classical study by Linse et al. (1991) . They reported that K1=12 μM and K2=0.4 μM corresponded to binding of the first and second Ca 2+ ions to the C-domain of CaM.
The microscopic dissociation constants KIII ¼ kc20=kc02 and KIV ¼ kc10=kc01, correspond to binding the first Ca 2+ to so-called site III or IV, respectively, while KIII=IV ¼ kc31=kc13 and KIV =III ¼ kc32=kc23 correspond to binding to the second Ca 2+ when the other site is already occupied ( Fig. 1(a) , C-lobe, the upper diamond shape pathway). The macroscopic dissociation constants and microscopic dissociation constants are constrained by the following algebraic relations where c is the coupling factor (Haiech and Kilhoffer 2002) :
In addition, Evenas et al. (1997) constants from the macroscopic equilibrium constants.
06 mM and the coupling factor is c=250. The individual microscopic association and dissociation rates are derived as follows. Malmendal et al. (1999) used NMR relaxation methods to show that the first Ca 2+ bound to the C-domain with a dissociation rate~5,115 s −1 , which we assigned as kc10=5,100 s −1 . Then, kc01=275μM
If the 6.3-fold difference in the affinity of binding Ca 2+ to sites IV and III were due exclusively to the on-rates and there is no change in the off rates, then kc20=5,100 s −1 and kc02=43.8μM −1 s −1 . If it is due exclusively to off-rates and there is no change in the on-rates, then kc20=32,000 s −1 and kc02=275μM −1 s −1 . We chose the second set of parameters for C-lobe as a starting point. Microscopic rate constants for binding the second Ca 2+ ion were constrained by the fact that the observed dissociation of both Ca 2+ ions from the C-lobe measured using stopped-flow experiments best fit a single exponential rate of around~8.5 s −1 . Since the rate of dissociation of Ca 2+ from the 1-Ca 2+ state is very fast, then the observed dissociation rate reflects the ratelimiting dissociation of the first Ca 2+ from the 2-Ca 2+ state followed by very rapid release of the second Ca 2+ . This means the observed dissociation rate is the sum of the dissociation rates from the fully Ca 2+ saturated C-lobe (kc31+kc32). Together with Eqs. (1-4), these experimental values allow us to derive all microscopic rates for the Clobe of CaM.
As for the N-terminal lobe, the available experimental data are limited except for the macroscopic dissociation constants for Ca 2+ (Putkey et al. 2003) . We assume the ratios of microscopic dissociation constants are similar to the C-lobe, kn10=kn01 ¼ 6:3 Á kn20=kn02. We also assume the binding rate of the first Ca 2+ is similar to the N-lobe. For the second Ca 2+ binding, we assume the association rates are 500~500 μM −1 s −1 (kn13, kn23) similar to the Clobe and close to the diffusion limited binding rate. In addition, we assume the ratio of Ca 2+ dissociation rates are similar to C-lobe, kn32/kn31=kc32/kc31 These assumptions allow us to calculate all microscopic reaction rates for N-lobe.
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Time (s) Time ( (20 μM) (Gaertner et al. 2004b ). After reaching steady state, 150 μM of quin-2 was rapidly mixed to initiate Ca 2+ dissociation (at time zero). Quin-2 tightly binds Ca 2+ and upon Ca 2+ binding, increases its fluorescence. The normalized change in quin-2 fluorescence was plotted as a function of time. The black solid line is the experimental data (triple exponential curve fitted to the average of five experimental runs) and the red solid line is a simulation run using the parameters established in Tables 1 and 2 . (b) CaM dissociation from CaMKII. 0.3 μM of CaM-C75-DANS and 0.3 μM of CaMKII subunits were mixed in the presence of saturating amount of Ca 2+ (500 μM). After reaching steady state, CaM dissociation was initiated by rapidly mixing 15 μM of unlabeled CaM saturated with Ca 2+ at time zero. The dissociation of CaM from CaMKII was monitored by the normalized fluorescence decreased in signal from CaM-C75-DANS. The black solid line is experimental data (single exponential curve fitted to the experimental runs) and the red solid line is a simulation using the parameters established in Tables 1 and 2 Finally, we used the Ca 2+ chelator, quin-2, in the simulations of Fig. 2 (Champeil et al. 1997 ).
Steady-state CaM-CaMKII interaction
Several groups measured the steady state binding of CaM to CaMKII using different methods (Meyer et al. 1997; Torok et al. 2001; Gaertner et al. 2004a ) and the reported dissociation constant (45 nM~74 nM) was used to validate the model in Fig. 3(a) . In the experiment (Gaertner et al. 2004a ) analyzed in Fig. 7 (Appendix), 100 nM of CaM-C75-IAEDANS, 500 μM Ca 2+ are mixed with varying concentration of CaMKII. After reaching the steady state, the relative fraction of CaMKII bound CaM was plotted against the free CaMKII concentration in the system. In the experiment, the CaM binding to CaMKII was monitored by the fluorescence signal from CaM-C75-IAEDANS. However, the origin and efficiency of this fluorescence signal is unclear. The fluorescence probe may not report all CaMCaMKII complexes with 100 % efficiency. See Appendix for more detailed discussion of this issue.
Modified Gillespie algorithm
We adopted the Gillespie-type stochastic algorithm (Gillespie 1976 ) to model transitions between all possible internal states of each individual CaM molecule based on the kinetic scheme shown in Fig. 1(A) and parameter values shown in Tables 1 and 2 . As stated earlier, we need to keep track of the binding state of each lobe of CaM and CaMKII molecule in the simulation. In a conventional Gillespie algorithm, one keeps track of the number of molecular species in each activation state but not the internal state of each individual molecule. A modification of the Gillespie algorithm is required to extend it to the single molecule level. This extended version of the Gillespie algorithm has been developed and used earlier in Kubota et al. (2007) to analyze the spatio-temporal pattern of Ca 2+ /CaM activation at a single molecule level. Here we explain the mathematical principle underlying this modification.
Suppose we model a binary association reaction A þ B → k C with a rate constant k. The propensity of this reaction, defined in a conventional Gillespie scheme, is proportional to the product of the current number of A and B molecules and the reaction probability determined from the macroscopic reaction rate k. The Gillespie algorithm assumes a Poisson (exponential) distribution of the next expected reaction time for this chemical process (Gillespie 1976) . If there are other types of chemical reactions, we calculate the propensity function for those reactions and take the sum of all the propensity functions to calculate the next reaction time step. Which reaction will happen is determined according to the propensity of each chemical reaction in the system: the higher the propensity the more likely the reaction is selected. In fact, the Gillespie algorithm or its equivalent, the Bortz-Kalos-Lebowitz (BKL) (Bortz et al. 1975 ) algorithm, relies on the fact that the sum of multiple independent Poisson processes becomes one big Poisson process (Fichthorn and Weinberg 1991) .
We apply this principle to model individual CaM and CaMKII molecules. The rationale is as follows. In the above example of binary association reactions A þ B → k C, suppose we have n molecules of A (say A 1 to A n ) and m molecules of B. Instead of calculating the total propensity function of this reaction, we can calculate the propensity function for each A i molecule i ¼ 1; Á Á Á ; n ð Þand carry out the Gillespie algorithm as usual. In this particular example, each A i molecule becomes a C i molecule if they react with one of the B molecules. One can think of this reaction as a change of the state of the i-th molecule (from the state "A" to "C") with a probability proportional to the product of the reaction rate k and the number of B molecules. As stated, the resultant algorithm is identical to the original Gillespie scheme but this way we can keep track of each individual A molecule in the system as they react with B molecules. In our algorithm, we calculate individual propensity functions of each chemical reaction involving each individual CaM molecule and/or CaMKII subunit of each holoenzyme, take a sum of all of these propensity functions, and execute This extended Gillespie-type scheme is as exact as the original Gillespie algorithm. It allows keeping track of the internal state of each Ca 2+ binding site of each individual lobe of each CaM molecule and the state of each subunit of each CaMKII holoenzyme and modeling all possible cooperative mechanisms discussed in the Introduction. In these stochastic simulations, we use the molecular number and reaction probabilities instead of molecular concentration and reaction rate. In Figs. 4 and 5, we used the volume of a medium sized dendritic spine head (~0.1 μm 3 ) as a reference: in such a small volume, 1 μM of any chemical species corresponds to~60 molecules (Franks and Sejnowski 2002) . This number is used to convert molecular concentration and reaction rates to molecular number and reaction probabilities.
Numerical methods
Particle Swarm (Eberhart and Kennedy 1995) , a stochastic global optimization method was used to determine values for the 18 free parameters. The details of this optimization method are described in the next section. The objective function used to minimize the error was the absolute difference between the model result and empirical data for the five data sets. During the optimization process, each simulation was averaged up to 50 times to minimize fluctuations during error comparisons. Optimization was performed on a Penguin 16 node cluster with two dual-core Opteron 280s processors per node. All codes for parameter optimization were written in Java (compiled with the 64-bit JDK 1.6.0_10).
As described below, each set of experimental data was fitted with a triple exponential curve (with three time constants and three amplitudes for each data set). The stopped-flow experiment often contains a relatively large noise/error during the first few milliseconds due to mixing artifacts in the dead time of the instrument. We have determined that the "fitted-curve" provides the most reliable and consistent representation of the experimental traces which are the average of five experimental runs for each condition. We have tried single-, double-, triple-, quadraticor higher multi-exponential curve fits for each set of experimental data. The triple-exponential curve fit was chosen because it is the simplest model that gives rise to the best fit to all experimental data.
We used these fitted curves, defined by these 30 numerical values, to constrain 18 unknown parameter values. Under the model assumption described above, we have successfully identified a unique region in parameter space to minimize the error function. We took advantage of the efficient multidimensional matrix array computation in the MATLAB environment (The MathWorks, Natick, MA) for simulations in Figs. 3, 4 and 5.
Particle swarm optimization
Particle Swarm Optimization is a stochastic process where particles cluster around points in the parameter space which minimize an error function (Eberhart and Kennedy 1995) . The optimizer is initiated with n (=20 by default) particles distributed randomly in the 18-dimensional parameter space (we have 18 unknown parameters). The position (coordinate) of each particle represents values of these 18 parameter values. Each particle contains a current position, velocity and memory of its position where the error function was minimal. At each iteration, every particle's position is updated based upon its current velocity and velocity is updated based on a delta value. The delta value is determined by the following equation:
Random is a number between 0 and 2, P BEST is the previous best location of the particle, N BEST is the neighboring particle's best position, and P CURRENT is the current location of the particle. This steering behavior causes a particle to swarm about two locations in the parameter space which are known to that particle to minimize the error function. Each particle is assigned two neighbors out of n total particles so multiple local minima can be searched simultaneously.
3D Single particle trajectory of CaMKII molecules
The time evolution of the Ca 2+ -CaM binding state of a given CaMKII holoenzyme was taken from the corresponding simulations in Fig. 5 . The Brownian motion of this molecule was created using a Monte Carlo scheme. At each time step (dt=100 ns), we draw two unit-interval uniform random numbers, r 1 and r 2 which define the direction vector (sinθ cosφ, sinθ sinφ, cosθ) where θ=πr 1 and φ=2πr 2 , respectively. The mean displacement of a Brownian particle over a time dt is ffiffiffiffiffiffiffiffiffiffi 6Ddt p , where D (1 μm 2 s −1 ) is the diffusion coefficient of CaMKII holoenzyme in the cytoplasm (Kim et al. 2004 (Kim et al. , 2005 . A Gaussian distribution (0 mean and ffiffiffiffiffiffiffiffiffiffi 6Ddt p variance) was used to determine the jump length (third random number). The size and geometry of the simplified model spine used in our simulations is shown in Fig. 6(b) . When a CaMKII molecule collides into the wall (boundary), we impose an elastic collision rule to calculate its trajectory. For this set of simulations, we assume that the diffusion coefficient of CaMKII molecules is independent of its Ca 2+ -CaM binding state. In the following two sections (3.1 and 3.2), we describe the experimental data that we used to optimize the model parameters. The model with the final parameter values will be shown here with these experimental data (Fig. 2) . The first set of experimental data involves the chelator (quin-2) induced Ca 2+ dissociation from CaM-CaMKII complex (Gaertner et al. 2004b) . In this experiment 2 μM of CaM was mixed with varying concentrations of CaMKII subunit (2, 3, 4, or 6 μM) with saturating amounts of Ca 2+ (20 μM). After reaching steady state, 150 μM of quin-2 was rapidly mixed to initiate Ca 2+ dissociation. Quin-2 tightly binds Ca 2+ with a dissociation constant of (Champeil et al. 1997 ) and upon Ca 2+ binding, changes its fluorescence. The change in quin-2 fluorescence was measured as an indicator of Ca 2+ dissociation from the CaM or CaM-CaMKII complex. As stated before, these experiments monitor Ca 2+ dissociation from CaM with or without bound CaMKII. Note that the dissociation (and re-association) of each lobe from CaMKII also influences the overall kinetics. In other words, all kinetic rates in Fig. 1(a) may have a potential impact on Ca 2+ dissociation kinetics.
In the simulation, we mixed all molecules (Ca 2+ , CaM, and CaMKII) except quin-2 and the simulation was run for 5 s until the system reached steady-state. After adding 150 μM of quin-2, we waited 1.6 ms (i.e., the dead time of the stopped flow spectrofluorimeter used for the experiment) and the normalized quin-2 fluorescence change was fitted to the data. The same procedure was used during the parameter optimization. As pointed out above, the quin-2 fluorescence signal reflects a convolution of multiple kinetic pathways. Each experimental data (average of five runs) was fitted to a triple exponential model (Gaertner et al. 2004b) . During the parameter optimization, we used this triple exponential curve fit as experimental data. Figure 2(a) shows the goodness of fit of the model using the final optimized parameter values (Tables 1 and 2 ).
In the simulation, 99% of CaM molecules are fully Ca 2+ saturated and CaMKII bound after 5 s of simulation before adding quin-2. Within 0.5 s after initiating Ca 2+ buffering by quin-2,~85% of the bound Ca 2+ dissociates from CaM. It is illustrative to go over the possible Ca 2+ dissociation pathways as shown in Fig. 1(a) with the final parameter set (Tables 1 and 2 ). The initial Ca 2+ dissociation in the model may take place from the N-terminal lobe because this shows the highest dissociation rate (kn75=140.4s ) from CaM when it is bound to CaMKII. However, the C-terminal lobe dissociation from CaMKII can happen relatively quickly (kc73=213.1 s −1 ) and Ca 2+ dissociation from the CaMKII-free C-terminal lobe of CaM then can occur (kc32=7.1 s
−1
). The N-terminal lobe dissociation from CaMKII can also happen relatively quickly (kn73=24.4 s −1 ) and Ca 2+ dissociation from the CaMKII-free N-terminal lobe of CaM then can occur (kn32=250 s −1 ). These multiple pathways contribute to the Ca 2+ dissociation which has not been explicitly predicted from previous experimental data.
Dissociation of CaM-C75-DANS from CaMKII
The second experimental data used was CaM dissociation from CaMKII (Gaertner et al. 2004b) . In this experiment, 0.3 μM of CaM-C75-DANS and 0.3 μM of CaMKII subunits were mixed in the presence of saturating amounts of Ca 2+ (500 μM). After reaching steady state, CaM dissociation was initiated by rapidly mixing with excess amount (15 μM) of unlabeled CaM at saturating Ca 2+ . The dissociation of CaM from CaMKII was monitored by the decrease in the normalized fluorescence signal from CaM-C75-DANS using stopped-flow fluorimetry. As in Section 3.1, we used a single exponential curve fit to the data (which is the average of five experimental runs) for the parameter optimization. Figure 2 ) nor to the Ca 2+ saturated Clobe dissociation rates from CaM-CaMKII complex (kc73= 213.1 s −1 ). One possible explanation is that the CaM dissociation may involve multiple dissociation and reassociation events of each lobe while the other lobe is still bound to CaMKII. Thus, the dissociation is much slower than expected from the dissociation rate of each lobe from CaMKII. This is related to the molecular brachiation idea proposed by Levin et al. (2002) . (Meyer et al. 1997; Torok et al. 2001; Gaertner et al. 2004a ). In addition, recent experimental data suggested the stoichiometry of binding (the ratio of CaM and CaMKII subunit) is close to 1 (Forest et al. 2008 ). We have not used this information to constrain the parameters. In order to validate the model parameters, we simulate interaction of CaMKII (100 nM) with varying concentrations of CaM (0.1 nM~1 μM) in the presence of 500 μM Ca 2+ . We plot the steady-state level of CaM-bound CaMKII (average of 50 simulation runs) against (calculated) free CaM ( Fig. 3(a) , the circles). These results were fitted with the Hill function (of the form
where [free CaM] is the free CaM concentration, h is the Hill coefficient, Kd is the dissociation constant, and a max is the maximum value, the solid line in Fig. 3(a) ). The simulation produced a dissociation constant of~49 nM and a Hill coefficient of 1.1. The model accurately reproduced the experimental data (there is one published work regarding this CaM binding stoichiometry that requires additional analyses with simulation; see Appendix for more details).
To test the importance of cooperativity, we have repeated the entire parameter optimization using a (mutant) CaM- CaMKII model in which there is no increased effective concentration of the free lobe while the other lobe is bound to CaMKII. Using this mutant, we have not been able to find a physically plausible parameter set that fits the experimental data of both Figs. 2 and 3 simultaneously. Especially, without cooperativity, the physiological parameter results for the K d value in Fig. 3 is much (>~10 fold) larger than the model with cooperative lobe interactions. The only parameter set that fits the Fig. 2 data contains Ca 2+ binding rates larger than the diffusion limited reaction rate and this parameter set still predicts the K d value (~160 nM), three times larger than the wild type CaM-CaMKII model (see Supplementary Figures 1 and 2) . We conclude that the cooperativity is critical to explain the experimental data in Figs. 2 and 3. 
CaM remains bound to CaMKII at physiological Ca
2+ concentrations
Having established the mechanism of the cooperative CaM binding to CaMKII, we would like to know whether this cooperativity plays any physiological role in the cellular environment. So far, we have analyzed the dynamics of Ca 2+ -CaM-CaMKII interaction in the presence of 20~500 μM of Ca 2+ (e.g., Figs. 2 and 3 ). These saturating in vitro conditions are necessary to properly constrain the parameter optimizations to determine the rate constants for the model. We now use this model to make predictions in more physiological ranges of Ca 2+ concentrations. For example, the basal cytosolic Ca 2+ concentration is~50-100 nM and the Ca 2+ decay time constant in the spine might be slower than the quin-2 induced Ca 2+ decay in Fig. 2 (Majewska et al. 2000) . We predict, under the physiological condition, the Ca 2+ and CaM dissociation processes would be very different from those observed in the in vitro experiments with Ca 2+ chelator. We next examine the lifetime and the dynamics of CaMKII bound CaM molecules during a slow Ca 2+ decay process similar to that predicted for the intracellular environment.
In Fig. 4 , 20 μM of CaM and 10 μM of CaMKII (as subunit) were mixed with 20 μM of Ca 2+ and after reaching the steady state (indicated by the vertical arrow at time 0 in Fig. 4 (a-c) ), the free Ca 2+ concentration was reduced to 50 nM, close to the basal Ca 2+ level in the cytoplasm. We assume that the CA1 pyramidal neuron contains~20 μM of CaM and~10 μM of CaMKII (Kubota et al. 2007 ). The Ca 2+ ions released from CaM and CaMKII were cleared from the system with a decay time constant~15 ms until the free Ca 2+ level reached the basal concentration (50 nM). We chose this value to mimic the Ca 2+ decay time constant (~15-50 ms) in the dendritic spine (Majewska et al. 2000) following a brief influx of Ca 2+ .
In Fig. 4(a) , we plot the number of CaM molecules free of CaMKII (black line), only with the N-lobe bound to CaMKII (blue line), only with the C-lobe bound (red line) or when both lobes are bound to CaMKII (green line). The number of CaM molecules with only C-lobe bound to CaMKII (red line) is always smaller than other molecular species. The number of both lobes bound to CaMKII (green line) decreases as CaMKII free CaM (black line) increase as Ca 2+ is cleared from the system. The number of CaM molecules with only the N-lobe bound to CaMKII (blue line) slightly increases. Figure 4 (b) and (c) show the number of bound Ca 2+ ions for each lobe (Fig. 4(b) for the N-lobe and c for the C-lobe). As predicted, the fully Ca 2+ saturated and one Ca 2+ bound form of CaM decays during this process while apo-lobe (bound to CaMKII) and CaMKII free CaM increase. Note that there is an overshoot of apo-N-lobe bound to CaMKII. The results in Fig. 4(a-c) indicate that, the apo-N-lobe bound to CaMKII persists even at the basal Ca 2+ concentration (=50 nM which correspondes to~3 Ca 2+ molecules in a spine volume similar to the one in Fig. 6 ).
Figure 4(d) is a snapshot of a randomly selected single CaM molecule between time=3.0 (s) and time =3.05 (s) (xaxis) changing its CaMKII binding states. In this figure, the vertical axis represents four possible states of this CaM molecule. State 1 is the CaMKII free state. State 2 is only the N-lobe bound to CaMKII. State 3 is both lobes bound, while state 4 is only the C-lobe bound. What is clear is that the binding of CaM to CaMKII starts with the N-lobe binding in most of cases (>~90%). This is because the Nlobe has a higher affinity toward CaMKII than the C-lobe. Once bound, this CaM molecule alternates between State 2~4. The impact from the effective concentration of the free lobe results in multiple binding and rebinding events before this CaM molecule dissociates from CaMKII. This alternating dynamics persists for this CaM molecule beyond the time period shown (3~3.05 s) in Fig. 4(d) (data not shown) .
In the present work, we focus on the interaction of CaM and unphosphorylated CaMKII but not with phosphorylated CaMKII. CaM remains bound to Thr286 phosphorylated CaMKII for an extended period. This phenomenon (CaM trapping) may well play a significant physiological role; however, Fig. 4 suggests, even without phosphorylation, the lifetime of CaM bound to unphosphorylated CaMKII at basal Ca 2+ is already significant.
4.3 Life-time and mean cycle time of Ca 2+ -CaM bound active CaMKII holoenzyme: single molecule level analysis So far, we have used the stochastic simulation of Ca 2+ -CaM-CaMKII and analyzed the data in terms of bulk number (or concentration) of molecules in each different binding state. For example, the simulation predicted that the concentration of CaMKII bound apo-N-lobe is~4.1 μM (~247 molecules) and is higher than the concentration of CaMKII bound apo-C-lobe~3.2 μM (~190 molecules) at basal Ca 2+ concentrations (Fig. 4(b) and (c), blue lines). At the single molecule level, however, each CaMKII subunit alternates between Ca 2+ -CaM-bound and Ca 2+ -CaM-free states. In a small sub-cellular compartment, such as a dendritic spine, a limited number of CaMKII molecules explore the cellular interior to find its downstream target via random walk (Brownian motion). The frequency and lifetime of the Ca 2+ -CaM bound active state are both critical in determining the spatial aspects of the CaMKII signaling system. The shorter the life time of the Ca 2+ -CaM bound active state, the lower the probability that a CaMKII molecule can encounter and phosphorylate its target and the smaller the subcellular space that a single CaMKII holoenzyme can explore in the active state. Figure 5 calculates this (mean) lifetime of Ca 2+ -CaMbound active and inactive states of CaMKII holoenzymes at different steady-state concentrations of free Ca 2+ . The (mean) lifetime of the Ca 2+ -CaM bound active state refers to the time duration of a given CaMKII having at least one CaM bound to one of its twelve subunits with at least two Ca 2+ ions bound to the lobe in the complex with CaMKII. In other words, during this time period, the CaMKII holoenzyme has at least one subunit being active. From now on, we refer to this form as an active state. The binding of at least two Ca 2+ ions are required for CaM for activation of CaMKII (Shifman et al. 2006 ; but also see Forest et al. 2008 for an alternative interpretation of Shifman et al. 2006) . On the other hand, the inactive state refers to the time interval between two consecutive active states. During this time period, no subunit of a given CaMKII holoenzyme enters the active state. Our simulation algorithm keeps track of the Ca 2+ , CaM binding state of each subunit of each CaMKII holoenzyme in the system so the calculation of the lifetime is straightforward.
In Fig. 5 , we used the same total concentration of CaM (20 μM) and CaMKII (10 μM as subunit) to determine the mean lifetime within the synthetic dendritic spine compartment. We then added different concentrations of Ca 2+ and ran the simulation until it reached steady state (> 15 s 2+ -CaM-free states (i.e., all subunits inactive, drawn in blue). The Brownian motion of this molecule was created using a Monte Carlo scheme described in Section 2.8. The diffusion coefficient of CaMKII holoenzyme used here is 1 μm 2 s −1 (Kim et al. 2004 (Kim et al. , 2005 . To illustrate the flip-flopping dynamics of CaMKII, we take a snapshot of the activation state of CaMKII at every 100 ns. As shown in Fig. 6 (a), we start with the inactive state and plot the location of a given CaMKII holoenzyme in the spine at 100 ns intervals with different colors (blue for all subunits inactive state and red for at least one subunit in its active state). The CaMKII changes its location via diffusion and alternates between these two states (see snapshots at 4, 16, and 400 ms). The time evolution of the Ca 2+ binding state of this molecule was taken from our simulation in Fig. 5 .
Comparing the 3D trajectory of a CaMKII holoenzyme at 50 nM ( Fig. 6(a) ) and 0.75 μM (Fig. 6(b) ) Ca 2+ concentration, demonstrates that free Ca 2+ controls the effective range of action of CaM-bound CaMKII. As stated earlier (Fig. 5) , the lifetime of the active state dramatically increases as free Ca 2+ concentration reaches 0.75 μM. In fact, the lifetime of the CaM-bound form at this Ca 2+ concentration is~24 s and long enough for CaMKII to not only explore the entire dendritic spine but also it can reach the neighboring dendritic shaft and neighboring spines ( Supplementary Fig. 3 ).
Discussion
Calmodulin (CaM) is a ubiquitous Ca 2+ binding protein involved in the regulation of a range of cellular functions. The kinetic dissection of Ca 2+ -CaM-target interaction has been a focus of numerous experimental and modeling studies (Bayley et al. 1996; Brown et al. 1997; Barth et al. 1998; Black et al. 2006) . Experimental technique used to study such an interaction includes atomic scale NMR study to stopped-flow fluorescence spectroscopy as well as macroscopic steady-state analysis for both intact protein and peptides representing the CaM-binding domains of target proteins (Bayley et al. 1996; Brown et al. 1997; Putkey et al. 2008) . As for the modeling approach, Black et al. (2006) , used an ODE model to study the interaction of individual lobes of CaM with its target and examined target binding induced changes in Ca 2+ affinity of CaM using IQmotif proteins. Brown et al. (1997) used a detailed kinetic model and systematically analyzed multiple dissociation pathways for Ca 2+ -CaM-target (peptide) complex with stopped-flow fluorimetry data.
The modeling scheme presented here differs from previous models of CaM-target interactions in several ways. First, all four Ca 2+ binding sites and the individual lobes of CaM are explicitly modeled. Second, a stochastic algorithm was used to model CaM and CaMKII at the single molecule level. Third, a dedicated parameter optimization strategy was used to constrain kinetic rate constants in the model from experimental data. The model-based analyses presented here suggest that Ca 2+ -CaM-CaMKII complex obeys kinetic control mechanism for dissociation similar to Brown et al (1997) . However, it has been difficult to predict such complex dissociation processes for CaMKII from experimental measurements (Figs. 2 and 4) . Furthermore, the modeling scheme of Brown et al. assumes Ca 2+ ions dissociate as pairs, an assumption that might overlook important kinetic steps involved in Ca 2+ or CaM dissociation if, for example, there is an alteration in the cooperativity of Ca 2+ binding in either lobe of CaM when it is bound to a target like CaMKII. Therefore, we have refined the modeling scheme of Brown et al. (1997) by incorporating all Ca 2+ binding sites and by treating each lobe of CaM as an independent structure. This stochastic modeling scheme allowed us to investigate all dissociation pathways and examine the cooperative binding of the Nand C-lobes of CaM to CaMKII.
Using this stochastic model, we investigated a mechanism of cooperative CaM binding to CaMKII. The model suggests the cooperative binding of CaM lobes to CaMKII is a critical determinant of the overall Ca 2+ -CaM-CaMKII interaction. The free lobe of CaM is likely to bind CaMKII when the opposing lobe is already bound to the subunit. A mutant CaM which lacks this cooperativity fails to explain the macroscopic binding kinetics of CaM to CaMKII and exhibits dissociation kinetics from CaMKII distinct from wild type CaM (Fig. 3) . The accelerated binding of a free lobe is due to its high effective concentration when the opposing lobe is bound to CaMKII. The simulation and theoretical analyses indicate that a fraction of CaM molecules constantly alternate between partially CaMKII bound (mostly N-lobe bound) and fully CaMKII bound states (Section 3.1). A partially Ca 2+ saturated (or Ca 2+ free) and partially CaMKII bound CaM plays an important role in the kinetics of CaM-CaMKII interaction. This cooperativity relies on the bi-lobular structure of CaM and may well apply to other CaM-targets. Another important finding is that the Ca 2+ dissociation from CaM, especially from the N-lobe, is significantly reduced when CaMKII is bound. More specifically, CaMKII association disrupts the cooperative Ca 2+ binding of CaM. In addition, we discovered that the binding affinity of the N-lobe is much higher than the C-lobe. Consequently, at a basal cytosolic Ca 2+ level (~50 nM), CaM molecules remained bound to CaMKII via N-lobe and alternate between one lobe bound state and both lobes bound state (Fig. 4) Fig. 4 depends on the cooperative binding of the two lobes of CaM and it does not require the CaM trapping previously described for phosphorylated CaMKII. The model suggests that the N-terminal lobe and cooperative binding kinetics to CaMKII plays an important role in the Ca 2+ -CaM dependent activation of CaMKII in the neuron. It would be also interesting to see how autophosphorylation of CaMKII and phosphatase activity in neurons may influence the range of action of Ca 2+ -CaMbound CaMKII and its dependence on the free Ca 2+ level. This N-lobe dominated interaction between CaM and (unphosphorylated) CaMKII may have an important implication in the induction of synaptic plasticity. As stated earlier (Section 1, Introduction), a confound for conceptualizing the induction of synaptic plasticity in CA1 pyramidal neurons is how the same molecule, CaM, can lead to two opposing processes as distinct as LTP and LTD. The work presented here indicates a distinctive role for the Nterminal lobe in the CaM-CaMKII interaction. The N-lobe of CaM has a poorer affinity for Ca 2+ than the C-lobe but its Ca 2+ association rate and CaMKII binding rate are both higher than the C-lobe. During the brief high-frequency stimuli used to induce LTP there is a steep rising phase of the Ca 2+ transient of higher amplitude. In this case, the N-lobe will be filled with Ca 2+ before the C-lobe and it will initiate the subsequent interaction with CaMKII that will lead to the productive activation of CaMKII and LTP induction. The C-lobe requires a longer Ca 2+ stimulation due to its slow association rate, but not necessarily high amplitude, before it is filled with Ca 2+ and binds tightly to its target. It would be interesting if the C-terminal lobe turns out to play an equally critical role in LTD induction, e.g., CaM-calcineurin interaction. In other words, there may be unique lobe specific effects that dictate how CaM transmits its activated status to different CaM-dependent targets such as CaMKII and calcineurin.
In fact, this lobe specific interaction of CaM with its target has been well documented in other physiological system. For example, the N-terminal lobe and C-terminal lobe of CaM interact differentially with Ca 2+ channels (Liang et al. 2003) . The N-terminal lobe and C-terminal lobe selectively respond to global and local Ca 2+ signals of varying magnitudes and frequencies Tadross et al. 2008) . Through this lobe-specific mechanism, CaM serves both as a Ca 2+ sensor and as a feedback controller of its binding target, the Ca 2+ channel, and modulate channel function. The model-based analysis shown here may reveal a similar but distinctive role of CaM in the bidirectional synaptic plasticity. The steadystate binding kinetics of CaM to CaMKII. In this simulation experiment, 100 nM of CaM-C75-IAEDANS, 500 μM Ca 2+ are mixed with varying concentration of CaMKII. After reaching the steady state, the relative fraction of CaMKII bound CaM was plotted against the free CaMKII concentration in the system. Note in Fig. 3 , the fraction of CaMKII-bound CaM was plotted against the concentration of free CaM but not free CaMKII. The average of 50 simulations (the circles) was fitted with the Hill function (the dotted line) revealing a Hill coefficient 1 and a dissociation constant of 40 nM. If, however, we assume that only 10 % of CaMKII-bound CaM is reported by the fluorescence signal, the fraction of CaMKIIbound CaM is plotted against the erroneously estimated concentration of free CaMKII (the crosses) was best fit by the Hill function with the coefficient of~2.1 (the solid line). The resultant dissociation constant is~65-70 nM. (b) A simple binding reaction A þ X ! Y can result in a Hill coefficient 2. The analytical result of Eq. (8) (the open circles) for this simple binding reaction was plotted with a Hill function curve fit (the dotted line of Hill coefficient 1). In Appendix, we derived an analytic formula for the fraction of X-molecule bound A as a function of erroneously estimated concentration of free X. This analytical result (the crosses) was plotted with a Hill function curve fit (of the coefficient 2, the solid line)
However, as we pointed out in Section 2.4 the fluorescence signal used in this experiment may not necessarily report all CaMKII-CaM complexes with 100% efficiency.
If the fluorescence signal does not report the accurate concentration of CaMKII bound CaM molecules, then it would result in an over-estimate of free CaMKII concentration, which in turn may potentially lead to a higher Hill coefficient. Figure 7 (a) strongly supports this hypothesis. In this figure, we faithfully reproduced the experiment of Gaertner et al. (2004a) and plotted the fraction of CaMKII bound CaM as a function of real concentration of free CaMKII in the simulation (the circles). The Hill function fitted to this data (the dotted line) results in the Hill coefficient of~1 and the dissociation constant of~40 nM. If, however, we assume that only 10 % of CaMKII-bound CaM is reported by the fluorescence signal and if the fraction of CaMKII-bound CaM is plotted against the erroneously estimated concentration of free CaMKII (the crosses), the Hill coefficient will become~2.1 (the Hill function curve fit is represented by the solid line). The resultant dissociation constant is~65-70 nM. This simulation experiment seems to explain the higher Hill coefficient and higher dissociation constant reported by Gaertner et al (2004a) and by Rosenberg et al. (2005) .
In fact, the efficiency of fluorescence signal does not have to be 10%. The efficiency less than 100 % always results in a Hill coefficient larger than 1 and a dissociation constant higher than the expected value. Figure 7(b) illustrates the underlying principle. In this figure, we analyze a simple binding reaction:
in which a fluorescence labeled ligand A binds to X with a dissociation constant of K D . The fraction of A-bound X molecule expressed by the free A concentration is
In this and following equations, the symbols for the chemical species, e.g., A, X, and Y also denote the concentration of corresponding molecules. The fraction of X-bound A molecule expressed by the free X concentration is
Both of these expressions result in the curves of a Hill coefficient=1 and of the same dissociation constant K D .
Suppose we assume only a fraction k (0<k<1) of Xbound A molecule is detected by the fluorescence signal, the steady state concentration of free A, X, and Y obey:
where X T and A T are the total concentrations of molecular species X and A, respectively. Note X estimated in Eqs (10 and 11 below) is the (erroneously) estimated concentration of the molecular species X from the fluorescence signal. Then the fraction of X-bound A molecule expressed by the free X concentration is
Equation (11) may result in a steady-state curve that fits to a Hill function with a coefficient higher than 1. Without going through further analysis (e.g., asymptotic expansion), Fig. 7 (b) already shows this is the case with a numerical example for K D =0.01 μM and k=0.1. Even for this simple binding reaction, the incorrect estimate of X-bound A by fluorescence signal leads to a Hill coefficient~2 and an overestimate of dissociation constant (the crosses in Fig.7(b) is the plot of Eq. (11) and the solid line is the Hill function fit to the analytical results). The analytical result for Eq. (8) is also shown (the circles and dotted line) for comparison.
